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ABSTRACT: Severe acute respiratory syndrome coronavirus (SARS-CoV) is capable of inducing a storm of proin- 
flammatory cytokines. In this study, we show that the SARS-CoV open reading frame 3a (ORF3a) accessory protein 
activates the NLRP3 inflammasome by promoting TNF receptor-associated factor 3 (TRAF3)—mediated ubiquiti- 
nation of apoptosis-associated speck-like protein containing a caspase recruitment domain (ASC). SARS-CoV and 
its ORF3a protein were found to be potent activators of pro-IL-1f gene transcription and protein maturation, the 2 
signals required for activation of the NLRP3 inflammasome. ORF3a induced pro-IL-1f transcription through 
activation of NF-KB, which was mediated by TRAF3-dependent ubiquitination and processing of p105. ORF3a- 
induced elevation of IL-1f secretion was independent of its ion channel activity or absent in melanoma 2 but 
required NLRP3, ASC, and TRAF3. ORF3a interacted with TRAF3 and ASC, colocalized with them in discrete 
punctate structures in the cytoplasm, and facilitated ASC speck formation. TRAF3-dependent K63-linked ubiq- 
uitination of ASC was more pronounced in SARS-CoV-infected cells or when ORF3a was expressed. Taken 
together, our findings reveal anew mechanism by which SARS-CoV ORF3a protein activates NF-KB and the NLRP3 
inflammasome by promoting TRAF3-dependent ubiquitination of p105 and ASC.—Siu, K.-L., Yuen, K.-S., Castanio- 
Rodriguez, C., Ye, Z.-W., Yeung, M.-L., Fung, S.-Y., Yuan, S., Chan, C.-P., Yuen, K.-Y., Enjuanes, L., Jin, D.-Y. Severe 
acute respiratory syndrome coronavirus ORF3a protein activates the NLRP3 inflammasome by promoting TRAF3- 
dependent ubiquitination of ASC. FASEB J. 33, 000-000 (2019). www.fasebj.org 
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Both severe acute respiratory syndrome coronavirus 
(SARS-CoV) and Middle East respiratory syndrome 
CoV (MERS-CoV) cause a severe and highly lethal re- 
spiratory disease in humans characterized by a prominent 
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proinflammatory response (1). A robust elevation of IL-1B 
was seen during early infection of SARS-CoV (2,3). IL-1 is 
a key proinflammatory cytokine generated from pro-IL-1B 
through proteolytic cleavage by caspase 1, which is acti- 
vated by multiprotein complexes termed inflammasomes. 
Inflammasomes assemble around discrete sensor proteins 
such as NLRP3 and absent in melanoma 2 (AIM2), which 
are activated as a result of their recognition of pathogen- 
associated molecular patterns (4). Upon activation, NLRP3 
recruits the essential adaptor protein apoptosis-associated 
speck-like protein containing a caspase recruitment do- 
main (ASC) to bind and activate caspase 1 (5). Full acti- 
vation of the NLRP3 inflammasome requires signal 1, 
which stimulates pro—IL-18 gene transcription, and signal 
2, which promotes pro-IL-18 protein cleavage (6). 
Proinflammatory cytokines are double-edged swords 
that not only mobilize host defense but also drive patho- 
logic inflammation (7). Inflammation can play both anti- 
viral and proviral roles during viral infection. On one 
hand, it is part of the innate antiviral response that restricts 
viral replication and infection. On the other hand, it fa- 
cilitates viral dissemination by releasing a large number of 
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virions. In addition, infiltration of myeloid cells at the site 
of inflammation results in the spread of viral infection to 
dendritic cells and macrophages that carry the virus to 
other places in vivo (7). To facilitate their own infection and 
to evade host detection, viruses have developed different 
strategies to modulate inflammasome activation (7, 8). 
The first example of a viral activator of the NLRP3 
inflammasome was found in influenza viruses, in which 
M2 ion channel protein augments IL-18 maturation (9). 
Likewise, encephalomyocarditis virus was also shown to 
activate the NLRP3 inflammasome through its ion chan- 
nel protein 2B (10). Notably, both M2 and 2B proteins are 
only sufficient to activate the NLRP3 inflammasome in the 
presence of signal 1, which induces pro-IL-18 gene tran- 
scription. Subsequently, several other viroporins were 
also found to activate the NLRP3 inflammasome (11). 
Additional viral inducers of NLRP3 inflammasome acti- 
vation such as influenza A virus PB1-F2 protein, which is 
not known to be a viroporin, were also reported (12). It is 
noteworthy that PB1-F2 induces IL-18 secretion only 
when signal 1 is activated by LPS. 

SARS-CoV might also activate the inflammasome to 
facilitate viral dissemination and to cause disease. It en- 
codes 3 ion channel proteins: E, open reading frame 3a 
(ORF3a), and ORF8a (13-15). Eand ORF3a are collectively 
required for viral replication and virulence (16). Particu- 
larly, E protein is a virulence factor that activates the 
NLRP3 inflammasome (13, 17). In light of this, we asked 
whether ORF3a might also promote virus spreading and 
infection through inflammasome activation. ORF3a, also 
known as X1, is a sodium or calcium ion channel protein 
encoded by the region between 5S and E (14, 18). It is a 
lineage-specific accessory protein with 3 transmembrane 
domains, and it is localized to the Golgi complex (19, 20). 
ORF3a expression in infected cells is relatively abundant, 
and anti-ORF3a is also detectable in infected individuals 
(19). Analysis of a recombinant ORF3a-deficient virus 
revealed that ORF3a is nonessential for in vitro and in vivo 
replication but still contributes to viral pathogenesis (21). 
However, a virus lacking ORF3a and E was nonviable, 
indicating the complementary function of E and ORF3a 
(16). Expression of ORF3a induces NF-kB activation, che- 
mokine production, Golgi fragmentation, endoplasmic 
reticulum stress, accumulation of intracellular vesicles, 
and cell death (20, 22, 23). Its ion channel activity is 
required for its proapoptotic property (24). ORF3a is O- 
glycosylated (25) and interacts with caveolin (26). It down- 
regulates type I IFN signaling (22) but up-regulates 
fibrinogen secretion, which promotes the cytokine storm 
(27). Its induction of chemokines such as IL-8 is mediated 
through NF-kB (28). Because NF-kB is also the key tran- 
scription factor that activates the pro-IL-18 promoter 
(29), it was of great interest to see whether ORF3a might 
sufficiently activate both signals required for activation of 
the NLRP3 inflammasome. To our surprise, although 
ORF3a was indeed capable of inducing both pro-IL-18 
gene transcription and IL-18 protein secretion, this was 
independent of its ion channel activity. ORF3a was 
found to associate with TNF receptor-associated factor 3 
(TRAF3) and facilitate TRAF3-mediated ubiquitination 
and activation of p105 and ASC. On one hand, ORF3a 
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promoted p105 ubiquitination and processing, NF-kB ac- 
tivation, and pro-IL-18 gene transcription, providing 
signal 1 for inflammasome activation. On the other hand, 
ORF3a associated with TRAF3 and ASC to induce K63- 
lined polyubiquitination of ASC, leading to the activation 
of signal 2. Thus, ORF3a suffices to stimulate both signals 
for NLRP3 inflammasome activation. 


MATERIALS AND METHODS 
Plasmids 


Expression plasmids for pro-IL-18, NLRP3, and ASC were 
kindly provided by Pascal Schneider (University of Lausanne, 
Switzerland) (30). Expression plasmid for pro-caspase was a gift 
from Guy Salvesen (Sanford Burnham Prebys Medical Discovery 
Institute, La Jolla, CA, USA). Expression plasmid for cylin- 
dromatosis (CYLD) was provided by Shao-Cong Sun (MS 
Anderson Cancer Center, Houston, TX, USA) (31). Expression 
plasmids for ubiquitin and its K48 and K63 mutants were pro- 
vided by James Chen (Southwestern Medical Center, Dallas, TX, 
USA) (32). Expression plasmid for deubiquitinating enzyme A 
(DUBA) was subcloned from IMAGE clone 5241560. Expression 
plasmids for A20 as well as other expression and reporter con- 
structs have been previously described (33-41). ORF3a cDNA 
was amplified and cloned from cells infected with the GZ50 strain 
of SARS-CoV (33). Point mutants of ORF3a were constructed by 
QuikChange XL Site-Directed Mutagenesis Kit (Agilent Technolo- 
gies, Santa Clara, CA, USA). 

The bacterial artificial chromosome (BAC) encoding recom- 
binant ORF3a-deficient SARS-CoV was constructed from a pre- 
viously generated full-length infectious cDNA clone (42). The 
ORF3a gene deletion was introduced by overlap extension PCR. 
The first PCR was performed using oligonucleotides 5’- 
GGCGACATTTCAGGCATTAACGC-3’ and 5’-CATCATAAA- 
GTTATGGGTTC TAGGATTATAAGTTCGTTTATGTGTAAT- 
GTAATTTGACACCC-3". This resulted in a deletion between nt 
25270 and 25668 of the SARS-CoV genome. The deletion affects 
most parts of the ORF3a gene, which does not overlap with the 
ORF3b gene, disrupts the ATG start codon of the ORF3a gene, 
and includes 2 point mutations at positions 25673 and 25683 
introducing 2 stop codons. A PCR product from nt 24937 to 25694 
of the SARS-CoV genome was generated. The second PCR was 
performed using oligonucleotides 5’-CGAACTTATAATCTA- 
GAACCCATAACTTTATGATGCC-3' and 5’-CATCATAAA- 
TTGGATCCACTGCTGGATTAGCAACTCCTG-3". The latter 
primer introduces a point mutation at position 26042, which 
disrupts a potential initiation codon. A PCR product from nt 
25261 to 26060 of the SARS-CoV genome was generated. Both 
overlapping products were used as templates for PCR amplifi- 
cation using primers 5'-GGCGACATTTCAGGCATTAACGC- 
3’ and 5’-CATCATAAATTGGATCCACTGCTGGATTAGCA- 
ACTCCTG-3’. The final PCR product was cloned into the BAC 
infectious clone through an intermediate plasmid containing nt 
18404-26049 of the SARS-CoV genome (16, 43). 


Cell culture, transfection, and infection 


Human embryonic kidney 293 (HEK293), A549, and Huh7 cells 
were grown in DMEM with 10% fetal bovine serum (Thermo 
Fisher Scientific, Waltham, MA, USA) at 37°C in a humidified 
chamber supplemented with 5% carbon dioxide. HEK293 cells 
were transfected with GeneJuice (MilliporeSigma, Burlington, 
MA, USA), and A549 cells were transfected with Lipofectamine 
3000 (Thermo Fisher Scientific). Tohoku Hospital Pediatrics-1 
(THP-1) cells were maintained in Roswell Park Memorial 
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Institute 1640 medium and transfected with GeneXPLus 
(American Type Culture Collection, Manassas, VA, USA). 
Transfection of THP-1 with poly(deoxyadenylic-deoxythymidylic) 
[poly(dA:dT)] was achieved with Lipofectamine 2000 (Thermo 
Fisher Sceintific). 

Viruses were produced by transfection of the infectious clones 
into Vero-E6 cells (42, 43). Multiplicity of infection (MOI) was 
determined as previously described (33, 44). Viral load was 
measured by real-time quantitative RT-PCR (qRT-PCR) analysis 
of viral RNA as previously described (33, 34). Angiotensin- 
converting enzyme 2 (ACE2)-expressing THP-1 cells were in- 
fected with SARS-CoV, SARS-CoV-A3a, or SARS-CoV-AE at an 
MOT of 0.01 for 1 h at 37°C. Unbound viruses were washed away. 
Conditioned medium and cell lysates were harvested 24 h post 
infection. ACE2 expression was reconstituted in HEK293 and 
TRAF3 ’~ HEK293 cells before infection with SARS-CoV. All 
infectious materials were handled in a Biosafety Level 3 facility. 


Luciferase reporter assay and protein analysis 


Dual luciferase reporter assay, coimmunoprecipitation, and 
Western blotting were performed as previously described (33, 34). 
Relative luciferase activity in arbitrary units was calculated by 
normalizing firefly luciferase activity to Renilla luciferase activity 
recovered from the same cell lysate. Nuclear fractionation was 
performed by using a cell fractionation kit supplied by Abcam 
(Cambridge, United Kingdom). NLRP3 inflammasome activa- 
tion was measured as described by Wang et al. (45). An oligo- 
nucleotide inhibitor of AIM2 named A151 was synthesized by 
Integrated DNA Technologies (Coralville, IA, USA). Reagents for 
human IL-18 ELISA were purchased from R&D Systems (Min- 
neapolis, MN, USA). The amounts of IL-1B in the conditioned 
media were determined as per the manufacturer’s protocol. 

Mouse anti-FLAG (clone M2) was purchased from Milli- 
poreSigma. Mouse anti-V5 was from Thermo Fisher Scientific. 
Mouse anti-HA (clone Y11), anti-TRAF3 and anti-B-tubulin as 
well as rabbit anti-TRAF6 were purchased from Santa Cruz 
Biotechnology (Dallas, TX, USA). Goat anti-T7, mouse anti-ASC, 
and rabbit anti-FLAG were from Abcam. Rabbit anti-ASC was 
bought from Cell Signaling Technology (Danvers, MA, USA). 
Rabbit antibodies against SARS-CoV N protein were from Novus 
Biologicals (Centennial, CO, USA). The therapeutic antibody 
Canakinumab, which blocks IL-18, was from Creative Biolabs 
(Shirley, NY, USA). 


qRT-PCR 


qRT-PCR was carried out essentially as previously described (46, 
47). In brief, total RNA was extracted with the RNeasy Mini Kit 
(Qiagen, Hilden, Germany). cDNA synthesis was achieved with 
PrimeScript reverse transcription reagent kit with gDNA eraser 
(Takara Bio, Kusatsu, Japan). Real-time PCR was performed with 
SYBR Premix Ex Taq Reagents (Takara) in a StepOne real-time 
PCR system (Thermo Fisher Scientific). Primers were 5’-TCAG- 
CCAATCTTCATTGCTC-3’ (forward) and 5'-GCCATCAGCT- 
TCAAAGAACA-3’ (reverse) for IL-18 mRNA, 5'-CCTAAGGG- 
AGTCCCAGTCCT-3' (forward) and 5'-TTTTCAAGCTGGCT- 
TTTCGT-3’ (reverse) for ASC mRNA, 5’-TCTGCTCATCACC- 
ACGAGAC-3’ (forward) and 5’-CTTGGGCCTC ATCAGAGA- 
AG-3’ (reverse) for NLRP3 mRNA, 5’-TAGCGCCTCACGTG- 
TGTTAG-3’ (forward) and 5'-TTGAAGCGTGTTGATCTTCG- 
3’ (reverse) for AIM2 mRNA, 5’-CTCGACGTCATTTGGGA- 
GAT-3' (forward) and 5'-ACAGTTTGGGCCACAAAGAC:3' 
(reverse) for TRAF3 mRNA, and 5'-TGACACT GGCAAAA- 
CAATGCA-3' (forward) and 5'-GGTCCTTTTCACCAGCAA 
GCT-3’ (reverse) for human hypoxanthine-guanine phosphor- 
ibosyl transferase (HGPRT) mRNA. The normalized value 


of each sample was derived from the relative quantity of 
target mRNA divided by the relative quantity of HGPRT mRNA. 
Relative mRNA expression was derived from 2-“““‘ by use of 
the comparative threshold cycle (AAC;) method. 


Construction of TRAF3 /~ and TRAF6 /~ cells 


TRAF3 /~ and TRAF6 ’~ HEK293 cells were constructed by 
clustered regularly interspaced short palindromic repeats 
(CRISPR)/CRISPR-associated protein 9 (Cas9) editing (48, 49). 
Guide RNA (gRNA)-Cas9 coexpression plasmid PX459 was a 
gift from Feng Zhang (McGovern Institute, Cambridge, MA, 
USA) (48). g RNA sequences for disruption of TRAF3 and TRAF6 
loci were 5’-AGCCCGAAGCAGACCGAGTG-3' (TRAF3-1), 5’- 
GAAAGACCTGCGAGACCACG-3’ (TRAF3-2), 5'-GTGTGTG- 
TGTTACTTATAA-3' (TRAF6-1), and 5'-CTTATTGATTTTAT- 
GATGC-3’ (TRAF6-2). 

HEK293 cells were transiently transfected with plasmids 
PX459-gRNA-TRAF3-1 plus PX459-gRNA-TRAF3-2 for TRAF3 
knockout and with plasmids PX459-gRNA-TRAF6-1 plus 
PX459-gRNA-TRAF6-2 for TRAF6 knockout. A total of 2 gRNAs 
were introduced for each locus. At 2 d after transfection, cells 
were selected in DMEM with 3 mg/ml of puromycin for 3 d. 
Puromycin was then removed, and cells were allowed to recover 
for an additional 7 d. Clones plausibly derived from stably 
transfected cells appeared and were picked by a filter paper 
presoaked with trypsin-EDTA solution. The paper with cells at- 
tached was then transferred to a 6-well plate filled with DMEM 
containing 10% fetal bovine serum. Cells were allowed to recover 
and grow for an additional 4 d. Phenotypic verification of the 
survived clones was performed by Western blotting. 

Potential off-target loci of the TRAF3 and TRAF6 gRNAs were 
predicted by the CHOPCHOP server (iittp://chopchop.cbu.uib.no/). 
The top 6-predicted off-target sites for each group of gRNAs 
were sequenced in HEK293-TRAF3 ’~ and HEK293-TRAF6 /~ 
cells by Sanger sequencing. The predicted off-target sites were 
chromosome (chr) 1: 180937934, chr18: 37711090, chr1: 26540372, 
chrl10: 127753518, chr14: 26477465, and chrll3: 9035927 for 
TRAF3 gRNAs, as well as chrl11: 36501562, chr10: 14842691, 
chr10: 59137886, chr10: 80877608, chr11: 38946885, and chr11: 
39287646 for TRAF6 gRNAs. No mutation was found in any of 
these predicted sites. 


RNA interference 


The RNA interference (RNAi) experiment was performed as 
previously described (45, 47). Short interfering RNAs (siRNAs) 
were transfected into THP-1 cells with Lipofectamine 2000 48 h 
before infection with SARS-CoV. Supernatant was collected 24 h 
after infection for measurement of IL-1B by ELISA. Knockdown 
efficiency of allsiRNAs was prevalidated by qRT-PCR analysis of 
target mRNA. The sequences of the siRNAs were 5’-CAG- 
GUUUGACUAUCUGUUCU-3’ for siNLRP3, 5’-UUUCAGCU- 
UGACUUAGUGGCUUUGG-3' for siAIM2, 5’-GAUGCGGAA- 
GCUCUUCAGUUUCA-3’ for siASC, and 5’-GAAGGUUUC- 
CUUGUUGCAGAAUGAA-3’ for siTRAF3. 


RESULTS 


ORF3a and SARS-CoV activate the 
NLRP3 inflammasome 


ORF3a is known to activate NF-KB (28), which is one of 
the key transcription factors driving pro-IL-1B gene 
expression (29). To interrogate whether ORF3a might 
induce pro-IL-1B transcription, we expressed ORF3a in 
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Figure 1. Activation of IL-I® production by A a ss B = CC» 2 
SARS-CoV and its ORF3a protein. A) Induction Pa ce oe as £ 
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vector for 24 h. Cells in the control group were 2 ED oo o-caspt 
treated with 10 ng/ml of LPS for 8h. The I-IB ©,, ee -ASC 
transcript was analyzed by qRI-PCR. The level 2 a ae “ASC 
of IL-16 mRNA was relative to that of HGPRT € . —-— Lal —_—— -pro-IL-1[ 
mRNA. Bars represent the means of 3 biologic = 
replicates, and error bars indicate sp. B, C) > 4 | — | -caspt | — | -casp1 
Induction of IL-1B secretion by ORF3a ina ¢& [| 4IL-1p 
HEK293 reconstitution system. HEK293 cells = a mm ST) -IL-1 
were transfected with expression plasmids for 1 2 3 ’ 4 2 
pro-caspase 1, ASC and pro-IL-1f. Cells were D E F a 
mock-transfected with an empty vector or & . go eo oo 
cotransfected with ORF3a plasmid alone (B) & SS ‘ gf al & 
or NLRP3 + ORF3a plasmids (C) for 24 h. Cell — | a! = —a 
lysates and conditioned medium was collected. 

1000) «SARS-CoV 


Secreted IL-1 in the conditioned medium was 
immunoprecipitated with anti-FLAG antibody. 
Cell lysates (upper) and precipitates (lower) 
were probed by Western blotting. Pro-IL-16 
expression was driven by a cytomegalovirus 
promoter and was therefore nonresponsive to 
ORF3a. Procasp1, procaspase 1; casp1, caspase 1 
(p20). D) Induction of IL-16 secretion by 
SARS-CoV ORF3a and E proteins in THP-1 cells. 0 
THP-1 cells were transfected with ORF3a and E- 
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expression plasmids for 24 h. Cell lysates were collected and probed by Western blotting. Secreted IL-16 in the conditioned medium 
was analyzed by ELISA. As a positive control, cells were also treated with 10 ng/ml LPS and 5 mM ATP. Both ORF3a and E proteins 
were V5 tagged and therefore detected with anti-V5 (alpha-V5). £) Virus growth kinetics. THP-1 cells were inoculated with SARS- 
CoV, SARS-CoV-A3a, or SARS-CoV-AE at an MOI of 0.01. Samples were harvested at the indicated time points, and viral load was 
determined by qRI-PCR. Data points represent means of triplicates, and error bars indicate sp. /’) Induction of IL-1 secretion by 
SARS-CoV in THP-1 cells. THP-1 cells were infected with SARS-CoV, SARS-CoV-A3a, or SARS-CoV-AE (MOI = 0.01) for 24 h. Cell 
lysates were collected and probed by Western blotting. Secreted IL-1 in the conditioned medium was analyzed by ELISA. 


human monocytic THP-1 cells. The level of pro-IL-18 
transcript was elevated about 8-fold in ORF3a- 
expressing THP-1 cells (Fig. 1A, bar 3 vs. 1), indicating 
that expression of ORF3a was sufficient to induce 
pro-IL-18 gene expression. In light of the recent finding 
that E protein, which is another ion channel protein 
encoded by SARS-CoV, is capable of activating the 
NLRP3 inflammasome (17), we next investigated 
whether ORF3a could also activate IL-18 secretion in 
HEK293 cells in which the expression of key factors 
were reconstituted. Similar reconstitution approaches 
have been commonly used for mechanistic study of 
inflammasome activation (5). When ORF3a was 
expressed in HEK293 cells ectopically expressing pro- 
caspase 1, pro-IL-18, ASC, the activation of caspase 1 in 
the cell lysate, and the production of mature IL-1 in the 
conditioned medium was detected (Fig. 1B, lane 2 vs. 1). 
In cells that also expressed NLRP3, ORF3a could also 
activate caspase 1 and increase IL-1B secretion over the 
basal level (Fig. 1C, lane 2 vs. 1). Consistently, ELISA 
detection of secreted IL-18 indicated that the stimula- 
tory effect of ORF3a on IL-16 maturation was compa- 
rable to that of SARS-CoV E protein (Fig. 1D, lane 3 vs. 4), 
which has previously been shown to be capable of inducing 
inflammasome activation (13, 17). Collectively, our 
results support the concept that ORF3a activates pro-IL-1B 
gene transcription and protein maturation, the 2 signals re- 
quired for optimal activation of the NLRP3 inflammasome. 
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The construction of an infectious clone of SARS-CoV in 
a BAC provided a tool for genetic analysis of the role of 
ORF3a in NLRP3 inflammasome activation (42, 43). To 
this end, ORF3a-deficient SARS-CoV (SARS-CoV-A3a) 
was made and compared with the wild-type (WT) virus 
and another E-deficient mutant (SARS-CoV-AE). The titers 
of SARS-CoV-A3a and SARS-CoV-AE viruses were only 
slightly lower than that of WT at 36 and 48 h post infection 
(Fig. 1E). Because the titers of the 3 viruses were similar at 
24 h post infection (Fig. 1E), we collected cell lysates for 
analysis of IL-1B secretion within 24 h post infection 
throughout our whole study. Generally consistent with a 
previous finding (17), infection of THP-1 cells with SARS- 
CoV induced the expression and maturation of pro—IL-1B 
(Fig. 1F, lane3 vs. 1). Similar to SARS-CoV-AE, SARS-CoV- 
A3a lost the ability to induce IL-1 secretion (Fig. 1F, lanes 
4,and 5 vs. 3). These results demonstrated the requirement 
of ORF3a for inflammasome activation by SARS-CoV. 

In addition to NLRP3, AIM2 is another upstream sensor 
that can also activate the inflammasome (4). To investigate 
the role of AIM2 in SARS-CoV-induced inflammasome 
activation, a specific oligonucleotide inhibitor of AIM2 
known as A151 (50) was employed. As expected, treat- 
ment with A151 prevented the induction of IL-1B secretion 
by AIM2 ligand poly(dA:dT) but had no influence on the 
effect of ATP (Fig. 2A, bar 3 vs. 2 and bar 5 vs. 4), which is 
known to activate NLRP3 but not AIM2 (6, 51). In the same 
setting, A151 did not affect the induction of IL-1 secretion 
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Figure 2. SARS-CoV-induced activation of IL-1B 
production requires NLRP3, ASC, and TRAF3. 
A) Sensitivity of SARS-CoV-induced IL-16 se- 
cretion to AIM? inhibitor. THP-1 cells were 
treated, transfected, or infected with the in- 
dicated stimuli for 24 h; cells in groups 2 and 3 
were transfected with 1 wg/ml poly(dA:dT) for 
3h. Cells in groups 3, 5, and 7 were also treated 
with 1 pM AIL51. Secreted IL-18 in the 
conditioned medium was measured by ELISA. 
The difference between the indicated groups 
was not significant (n.s.) by Student’s ¢ test. B) 
Sensitivity of SARS-CoV-induced IL-18 secre- 
tion to NLRP3, AIM?2, ASC, and TRAF3 
knockdown. THP-1 cells were transfected with 
the indicated siRNA for 48 h and then infected 
with SARS-CoV for 24 h. Secreted IL-1B in the 
conditioned medium was measured by ELISA. 
siNC: negative control siRNA. C) Effect of IL-16 
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by SARS-CoV (Fig. 2A, bar 7 vs. 6), suggesting that it was 
not likely mediated through AIM2. Consistent with this, 
siRNA knockdown of AIM2 had no influence on SARS- 
CoV-induced IL-18 secretion (Fig. 2B, bar 3 vs. 1). In 
contrast, compromising NLRP3, ASC, or TRAF3 blunted 
the stimulatory effect of SARS-CoV in the same setting 
(Fig. 2B, bar 2,4,and 5 vs. 1). Whereas ASC is a key adaptor 
for inflammasome activation (5), TRAF3 is a ubiquitin 
ligase that induces ASC ubiquitination and activation (52). 
Thus, our results demonstrated the specific requirements 
of NLRP3 and ASC for inflammasome activation by 
SARS-CoV. 

Inflammasome activation may play a critical role in the 
control of viral replication (8, 53). Indeed, treatment of 
SARS-CoV-infected Huh7 cells with IL-18 had a moderate 
inhibitory effect on viral replication at 36 and 48 h post 
infection (Fig. 2C). In keeping with this, treatment of cells 
with an IL-18 blocking antibody named Canakinumab 
mildly increased the replication of SARS-CoV WT (Fig. 2D, 
bar 2 vs. 1). Thus, inflammasome activation could exert a 
weak suppressive effect on SARS-CoV replication. 


ORF3a activates NF-KB by facilitating 
p50 maturation 


The activation of pro—IL-18 gene transcription by ORF3a 
was found to be mediated through NF-KB because the 
activity was abrogated in the presence of a dominant ac- 
tive S32A S36A mutant of IkBa, also known as IkBa 
superrepressor (Fig. 3A, bar 3 vs. 2). Indeed, ORF3a acti- 
vated NF-xB-dependent expression of a_ luciferase 


Cells were mock-treated or treated with 10 ng/ 
ml recombinant IL-1. Samples were harvested 
at the indicated time points for qRI-PCR 
analysis of viral load. D) Effect of anti-IL-16 
on SARS-CoV replication. Huh7 cells were 
infected with SARS-CoV WT at an MOI of 0.01 
for 24 h. Cells were mock-treated or treated with 
10 ng/ml Canakinumab (C-mab). Viral load was 
2 measured by qRI-PCR. The differences be- 
tween the indicated groups were statistically 
significant Student’s ¢ test. *P < 0.05. 


reporter in a dose-dependent fashion (Fig. 3B, bars 2 and 3 
vs. 1). Consistent with a previous report (28), ORF3a- 
induced activation of IL-8 promoter was also prevented by 
the IkBa superrepressor or by deletion of kB elements in 
the promoter region (Fig. 3C, D). Because a suitable 
IL-18—Luc reporter plasmid driven by NF-KB was not 
available, the IL-8-Luc reporter, which was highly re- 
sponsive to ORF3a in an NF-xB-dependent manner, was 
employed in our subsequent mechanistic studies. 

We assessed the steady-state levels of different NF-«B 
and IkB proteins in ORF3a-expressing HEK293 cells and 
noticed the accumulation of prominent amounts of p50 in 
the nucleus (Fig. 3E, lanes 3-5 vs. 6). The p65-p50 hetero- 
dimer is the most common and best-studied version of 
NF-kB. The p50 subunit was proteolytically processed 
from the p105 precursor residing in the cytoplasm (54). 
Plausibly, ORF3a might affect p105 processing, leading to 
activation of the canonical NF-«B signaling pathway. 


Identification and characterization of a TRAF 
binding domain in ORF3a 


ORF3a contains an ion channel domain and a caveolin 
binding domain (14, 26). Consistent with the requirement 
of TRAF3 for SARS-CoV-induced activation of inflam- 
masome (Fig. 2B), our bioinformatic analysis revealed 
another TRAF binding domain resembling that in LMP1 
oncoprotein of Epstein-Barr virus and other TRAF- 
binding proteins (55). A TRAF-binding motif, PLQAS, 
consistent with the consensus sequence PxQx(T/S/D) in 
which x could be any residue, was located at aa 36—40 of 
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Figure 3. Activation of NF-KB by ORF3a. A) 12 


Activation of pro-IL-18 gene transcription by 
ORF3a requires NF-KB. Coexpression of IkB-a 
superrepressor (7.¢, S32A S36A mutant) with 
ORF3a in THP-1 cells erased ORF3a-induced 
elevation of the pro-IL-16 transcript. The 
mean + sp from 3 biologic replicates is 
presented. B) Activation of kB-Luc by ORF3a 
in HEK293 cells. C) Coexpression of the IkB-a 
superrepressor with ORF3a in HEK293 cells 
blunted ORF3a-induced activation of the IL-8 ? 
promoter. Dual luciferase assay was performed. 
Normalized results represent 3 biologic repli- 
cates, and error bars indicate sp. D) Deletion of 
the KB element from the IL-8 promoter 
prevented its activation by ORF3a in HEK293 
cells. £) ORF3a facilitated p50 processing in 
HEK293 cells. Cells were transfected with 
increasing doses of ORF3a plasmid. Cells in 
the control group were treated with 30 ng/ml 
of TNF-a. Cell fractionation was performed, 
and nuclear fractions were collected. Proteins 
were detected by Western blotting. Quantita- 
tive analysis of the relative amount of p50 
normalized to that of lamin A/C was obtained 
by densitometry, and the ratios are provided 
below the gel panel. ORF3a in the cytoplasm 
was also probed. 
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ORF3a. To define their necessity for the NF-KB- and 
inflammasome-activating activity of ORF3a, 3 point mu- 
tants designated M-T, M-I, and M-C were created to dis- 
rupt the TRAF binding, ion channel, and caveolin binding 
domains, respectively (Fig. 4A). In M-T, 3 conserved resi- 
dues (P, Q, and S) in the TRAF-binding motif were 
changed into A. In M-I, 3 conserved C residues required 
for ion channel activity (14, 24) were changed into S. 


A 


Figure 4. Definition of a TRAF binding domain q 


in ORF3a required for activation of NF-kB and 
IL-I8 secretion. A) Functional domains in 
ORF3a. Point mutants (M-T, M-I, and M-C) 
in which the TRAF-binding, ion channel and 
caveolin binding domains are individually 
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Finally, 3 conserved Y residues in the caveolin-binding 
motif were changed into A in M-C. 

Interestingly, the M-C and M-I mutants were fully 
competent in the activation of NF-kB and the NLRP3 
inflammasome (Fig. 4B, bars 5-8 vs. 3 and 4; Fig. 4C, lanes 2 
and 3 vs. 1). In sharp contrast, the M-T mutant lost its 
ability to activate either IL-8—Luc or IL-1 secretion (Fig. 
4B, bars 9 and 10 vs. 3 and 4; Fig. 4C, lane 4 vs. 1). In other 
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words, TRAF binding was essential for NF-kB and NLRP3 
inflammasome activation by ORF3a. Surprisingly, neither 
caveolin binding nor the ion channel was required for this 
activity. 

To verify the binding of ORF3a to TRAF proteins, we 
performed coimmunoprecipitation with lysates of HEK293 
cells ectopically expressing differentially tagged ORF3a 
and TRAF proteins. A total of 3 representative TRAF pro- 
teins, which are known to be critically involved in NF-KB 
activation (54), were analyzed in our experiment. When we 
immunoprecipitated TRAF2, 3, and 6 with an anti-FLAG 
antibody, ORF3a but not its M-T mutant was detected in 
the precipitate (Fig. 5A, lanes 1, 3, and 5 vs. 2, 4, and 6). 
These results indicated that ORF3a was capable of inter- 
acting with TRAF2, 3, and 6, but this ability was abrogated in 
the M-T mutant. Because TRAF proteins are also known to 
interact with and activate ASC (52,56), we also examined the 
association of ORF3a with ASC. To our surprise, both 
ORF3a and its M-T mutant could bind with ASC (Fig. 5A, 
lanes 7 and 8). This suggested that ORF3a likely interacted 
with ASC directly through a separate domain. 

Reciprocally, the presence of TRAF3 and ASC in the 
ORF3a-containing immunoprecipitate also lent support to 
the interaction of ORF3a with TRAF3 and ASC (Fig. 5B, 
lane 2 vs. 1). Furthermore, when the same experiment was 
repeated in ORF3a-expressing THP-1 cells, endogenous 
TRAF3 and ASC were also found to be associated with 
ORF3a (Fig. 5C, lane 2 vs. 1). 

Consistent with the immunoprecipitation results, 
ORF3a was found to colocalize substantially with TRAF3 
and ASC in A549 cells to cytoplasmic punctate structures 
(Fig. 5D). A549 cells are lung adenocarcinoma cells derived 
from alveolar basal epithelium, which can be infected by 
MERS-CoV. They have been widely used as a model for 
lung cell biology (57) and were therefore employed for the 
analysis of ORF3a, TRAF3, and ASC localization in our 
study. TRAF3 was concentrated in a discrete cytoplasmic 
subdomain in A549 cells in the absence of ORF3a (Fig. 5D1, 
2). Both TRAF3 and ASC were also found in the cytoplas- 
mic dots that also harbored ORF3a (Fig. 5D3-16). These 
dots were generally consistent with the formation of ASC 
specks required for full activation of inflammasome (58). 


TRAF3 is required for ORF3a-induced 
activation of NF-«B 


To determine which TRAF proteins might be important in 
ORF3a-induced activation of NF-KB, we harnessed 3 
deubiquitinases that are known to deubiquitinate and in- 
hibit TRAF proteins with some specificity. DUBA is spe- 
cific for TRAF3 (59). A20 acts on both TRAF3 and TRAF6 
(60, 61). TRAF2 is a substrate of CYLD, but CYLD also 
inhibits TRAF6 to a lesser extent (31, 62). When it was 
coexpressed with CYLD, ORF3a could still activate IL- 
8—Luc reporter expression equally well (Fig. 6A, bars 8 and 
9 vs. 2 and 3). In contrast, the NF-«B-—activating activity of 
ORF3a on IL-8-Luc was abolished when either DUBA or 
A20 was expressed (Fig. 6A, bars 4—7 vs. 2 and 3). Taken 
together, whereas TRAF2 was dispensable for ORF3a- 
induced activation of NF-kB, TRAF3 was _ probably 


required for this activity. Because CYLD is a weak in- 
hibitor of TRAF6, it remained to be determined whether 
TRAF6 activity might also be essential for the activation of 
NF-kB by ORF3a. 

CRISPR/Cas9 editing provides a new tool for loss-of- 
function studies in mammalian cells (48). This technology 
was used to construct TRAF3’~ and TRAF6 ’~ HEK293 
cells (Fig. 6B, inset). The activation of NF-«B by ORF3a as 
measured by the reporter activity of IL-8—Luc was totally 
unaffected in TRAF6’~ HEK293 cells (Fig. 6B, bars 10-12 
vs. 2-4). However, this activity of ORF3a was eliminated in 
TRAF3 /~ HEK293 cells (Fig. 6B, bars 6-8 vs. 2-4). Hence, 
TRAF3 but not TRAF6 or TRAF2 was required for ORF3a- 
induced activation of NF-kB. 

We demonstrated the accumulation of p50 upon ex- 
pression of ORF3a (Fig. 3E). To shed light on p105 ubiq- 
uitination and processing as well as the requirement of 
TRAF3 for this modification, we overexpressed ubiquitin, 
ORF3a, and DUBA in HEK293 and TRAF3 /~ HEK293 
cells. In keeping with earlier results, expression of ORF3a 
resulted in the accumulation of p50 in the nuclear fraction 
(Fig. 6C, lane 2 vs. 1). This accumulation was abrogated by 
the expression of DUBA deubiquitinase or in TRAF3”/~ 
cells (Fig. 6C, lane 3 vs. 1 and lane 5 vs. 4). Consistently, the 
ubiquitination ladder of p105 was also more prominent 
when ORF3a was expressed and the phenotype was not 
seen in the presence of DUBA or when TRAF3 was knocked 
out (Fig. 6C). Taken together, our results supported the no- 
tion that ORF3a augmented TRAF3-dependent ubiquitina- 
tion and consequent processing of p105. 


ORF3a activates the NLRP3 inflammasome 
by promoting TRAF3-mediated 
ASC ubiquitination 


As previously described, we showed the association of 
ORF3a with TRAF3 and ASC. Because TRAF3 is a ubiq- 
uitin ligase catalyzing ASC ubiquitination (52), we asked 
whether and how ORF3a might affect polyubiquitination 
of ASC. An in vivo polyubiquitination assay was per- 
formed in HEK293 cells. Polyubiquitinated ASC was 
immunoprecipitated using anti-ASC and probed with 
anti-myc recognizing myc-tagged ubiquitin. A prominent 
polyubiquitination ladder indicated that expression of 
ORF3a sufficiently induced polyubiquitination of ASC 
(Fig. 7A, lane 2 vs. 1). We also noted that ASC poly- 
ubiquitination was less pronounced when the M-T mutant 
of ORF3a was expressed (Fig. 7A, lane 3 vs. 2), in support of 
the requirement of TRAF binding for optimal induction of 
ASC ubiquitination by ORF3a. 

Because TRAF3-induced K63-linked ubiquitination of 
ASC is required for NLRP3 inflammasome activation (52), 
we verified the type of ASC ubiquitination in ORF3a- 
expressing cells. A prominent ASC polyubiquitination 
ladder was evident only when ubiquitin WT and its K48R 
mutant was expressed (Fig. 7B, lanes 1 and 2 vs. 4). The 
K63R mutant of ubiquitin could not support ORF3a- 
induced polyubiquitination of ASC (Fig. 7B, lane 3 vs. 1 
and 2). These results were consistent with the model in 
which ORF3a interacts with TRAF3 and ASC to facilitate 
TRAF3-mediated K63-linked ubiquitination of ASC. 
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Figure 5. Association of ORF3a with TRAF3 and ASC. A) The TRAF binding domain is required for the association of ORF3a with 
TRAF2, 3, and 6 and ASC. The indicated proteins were expressed in HEK293 cells for 24 h. Cell lysates were collected for 
immunoprecipitation (IP). TRAF proteins were precipitated with mouse anti-FLAG. ASC was pulled down with mouse anti-ASC. 
Input lysates and precipitates were analyzed by Western blotting. TRAF proteins were detected with rabbit anti-FLAG. ASC was 
probed with rabbit anti-ASC. B) Reciprocal immunoprecipitation and Western blotting. ORF3a was expressed in HEK293 cells for 
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Figure 6. ORF3a-induced activation of NF-KB 
requires TRAF3. A) Effect of TRAF deubiqui- 
tinases on ORF3a-induced activation of IL-8 
promoter in HEK293 cells. B) Loss of ORF3a 
activity on IL-8 promoter in TRAF3 /~ 
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To determine the requirement of TRAF3 for ORF3a- 
induced ubiquitination of ASC, the polyubiquitination 
assay was repeated in TRAF6 /~ and TRAF3 ’~ HEK293 
cells. The polyubiquitination ladder of ASC was only 
slightly less prominent in TRAF6 /~ cells but completely 
disappeared in TRAF3 /~ cells (Fig. 7C, lanes 2 and 3 vs. 
1). In other words, TRAF3 but not TRAF6 was essential for 
ORF3a-induced ubiquitination of ASC, a critical step in 
NLRP3 inflammasome activation. 

ASC speck formation is a critical step in NLRP3 
inflammasome activation (58, 63). Indeed, treatment of 
THP-1 cells with LPS and ATP resulted in the visualization 
of prominent ASC specks (Fig. 7D2). With this in mind, we 
sought to explore the functional outcome of ORF3a- 
induced ASC ubiquitination. In line with the results 
obtained from A549 cells (Fig. 5D), expression of ORF3a in 
THP-1 cells led to the formation of ASC specks (Fig. 7D3) to 
which ORF3a and ASC colocalized. These results were 
compatible with the model that SARS-CoV ORF3a facili- 
tates the assembly of ASC specks required for optimal 
activation of the NLRP3 inflammasome. 

To verify ASC ubiquitination in SARS-CoV-infected 
cells, we reconstituted the expression of ACE2 receptor for 
SARS-CoV in HEK293 cells and their TRAF3’~ mutants. 
Indeed, when ASC was immunoprecipitated from these 
ACE2-reconstituted cells infected with SARS-CoV, ubiq- 
uitinated forms of ASC were observed only in HEK293 
and not TRAF3" ’~ HEK293 cells (Fig. 7E, lane 2 vs. 1 and 
3). Furthermore, IL-1B8 secretion was robust in SARS- 
CoV-infected HEK293 cells but not the TRAF3 /~ coun- 
terparts or when DUBA was also expressed (Fig. 7F, bar 2 
vs. 3 and 5). Thus, SARS-CoV induced the ubiquitination 


a a Se lamin A/c 


were harvested for nuclear fractionation (lower 
6 2 panels) and Western blot analysis 24 h post- 
transfection. 


of ASC and secretion of IL-18 in a TRAF3-dependent 
manner. 


DISCUSSION 


In this study, we reported activation of the NLRP3 
inflammasome by SARS-CoV ORF3a_ protein. ORF3a 
sufficiently activated both pro-IL-1B gene expression and 
IL-1B secretion (Fig. 1A—D). This notion was further sup- 
ported by our infection study, in which an impairment in 
pro-IL-18 gene transcription and protein maturation was 
seen in cells infected with SARS-CoV-A3a mutant virus 
(Fig. 1F). The inflammasome-activating property of SARS- 
CoV required NLRP3 and ASC, but not AIM2 (Fig. 2A, B). 
In addition, SARS-CoV replication was moderately af- 
fected when cells were treated with IL-16 but augmented 
upon addition of an IL-18 blocking antibody (Fig. 2C, D). 
ORF3a induced pro-IL-18 gene transcription through 
NF-kB (Fig. 3A). It promoted ubiquitination and process- 
ing of p105 in the cytosol (Fig. 6C), leading to the accu- 
mulation of p50 in the nucleus (Fig. 3£). A TRAF binding 
domain was identified in ORF3a (Fig. 4). TRAF3 was 
found to be required for ORF3a-induced activation of NF- 
KB and the NLRP3 inflammasome (Figs. 4-6). ORF3a 
interacted with TRAF3 and ASC to mediate K63-linked 
polyubiquitination of ASC, leading to the formation of 
ASC specks required for NLRP3 inflammasome activation 
(Figs. 5 and 7). Importantly, ASC ubiquitination and IL-18 
secretion occurred in a TRAF3-dependent manner in in- 
fected cells (Fig. 7). These findings were summarized in 
our working model (Fig. 8). 


24 h. V5-tagged ORF3a was immunoprecipitated with anti-V5. TRAF3 was probed with mouse anti- TRAF3. ASC was detected with 
rabbit anti-ASC. C) Association of ORF3a with endogenous TRAF3 and ASC. 'THP-1 cells were transfected with ORF3a plasmid. 
Immunoprecipitation of ORF3a was performed with anti-V5 (a-V5). Precipitates were probed for endogenous TRAF3 and ASC as 
above. D) Colocalization of ORF3a with TRAF3 and ASC. The indicated proteins were ectopically expressed in A549 cells for 24 h. 
Cells were fixed and stained for the overexpressed proteins using anti-tag antibodies. ‘TRAF3 was stained with anti-FLAG. ORF3a 
was probed with anti-V5. ASC was detected with anti-T7. Fluorescent signals of different colors were merged with nuclear 
morphology in blue revealed by DAPI staining. Transfected cells are highlighted by arrows. Scale bar, 20 wm. 


SARS-COV ORF3A ACTIVATES NLRP3 INFLAMMASOME BY PROMOTING ASC 9 


ym www.fasebj.org by Occidental College Library (132.174.250.101) on April 30, 2019. The FASEB Journal Vol. ${article.issue.getVolume()}, No. ${article.issue.getIssueNumber()}, | 


A C 
Figure 7. Promotion of TRAF3-dependent a 
ubiquitination of ASC by ORF3a. A) ORF3a & Ree ene ASC + Ub-HA + ORF3a 
promoted ASC. polyubiquitination. The indi- & é, <P A eee 
cated proteins were expressed in HEK293 cells ., “& 2& 9 
for 24 h. Cell lysates were collected, and ASC 3) LS #]-asc 
was immunoprecipitated (IP); a-ASC, anti-ASC; =| [we -orF3a 


a-myc, anti-myc. B) ORF3a promoted K63- 
linked polyubiquitination of ASC; a-HA, anti- 
HA. C) ORF3a-facilitated polyubiquitination of 
ASC was not seen in TRAF3 ’~ HEK293 cells. 
D) ORF3a augmented ASC speck formation. 
THP-1 cells were transfected with ORF3a 
expression plasmid for 24 h. Cells in the 
positive control group (panel 2) were treated 
with 10 ng/ml LPS and 5 mM ATP. Cells were 
spun down onto the slide by centrifuging at 
1000 rpm and then fixed with ice-cold 50% 
methanol/50% acetone. Cells were stained for 
ORF3a with anti-V5 (red) and for endogenous 
ASC (green). Nuclear morphology was revealed 
by DAPI (blue). Fluorescent signals were 
merged, and colocalization of ORF3a and ASC 
appears in yellow. Scale bars, 20 wM. &) ASC 
ubiquitination in infected cells. HEK293 and a 
TRAF3 ’~ HEK293 cells were transfected with 
expression plasmids for ubiquitin (Ub), SARS- 
CoV receptor ACE2, and ASC for 24 h. Cells 
were infected with SARS-CoV for 1 h and 
harvested for the immunoprecipitation of ASC 
at 24 h post-infection. fF’) IL-1 secretion from 
infected cells. HEK293 and TRAF3-’~ HEK293 
cells were transfected with ACE2 expression 
plasmid. DUBA was also expressed in cells in 
groups 3 and 6. Cells were infected with SARS- 
CoV for 1 h at 24 h post-transfection. Then, cell 
lysates and conditioned media were collected at < 
24 h post infection for the Western blot analysis > 
and ELISA, respectively. 
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Induction of a proinflammatory cytokine storm is a 
hallmark of SARS-CoV and MERS-CoV infection (1, 64). 
Understanding the mechanism by which these and other 
highly pathogenic human viruses potently induce the ex- 
pression of proinflammatory cytokines might provide the 
clues for therapeutic intervention. In contrast to previously 
identified viral activators of the NLRP3 inflammasome, 
including influenza A virus M2 and PB1-F2 (9, 12), which 
can only function when pro-IL-1f8 gene transcription is 
activated by stimuli such as LPS, SARS-CoV ORF3a is 
capable of activating pro-IL-18 gene transcription and 
protein maturation, the 2 signals required for NLRP3 
inflammasome activation. Mechanistically, ORF3a fulfills 
this function by activating NF-KB and TRAF3-dependent 
ubiquitination of ASC, which is necessary for NLRP3 
inflammasome assembly (52). ORF3a interacts with ASC, 
and expression of ORF3a alone in the absence of NLRP3 
could sufficiently activate IL-18 secretion. This raises the 
possibility that ORF3a could act as a scaffold for ASC 
speck formation and inflammasome activation to some 
extent. Our RNAi experiment demonstrated the re- 
quirement of NLRP3 and ASC for SARS-CoV-induced 
inflammasome activation (Fig. 2B). Our inhibitor test 
also suggested that SARS-CoV-induced inflammasome 
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activation is not likely mediated by AIM2 (Fig. 2A). 
However, it will still be of interest to determine whether 
ORF3a might also promote ASC inflammasome activation 
mediated by other upstream sensors such as NLRP1 and 
pyrin. Results from 1 recent study conducted in recon- 
stituted HEK293T cells are generally consistent with our 
finding that ORF3a activates NLRP3, but multiple mech- 
anisms, including ASC-independent activation, were 
suggested in that study (65). Further investigations are 
required to clarify whether ORF3a might activate the 
inflammasome through other pathways. SARS-CoV E 
protein is another activator of the NLRP3 inflammasome, 
and IL-1B production is also compromised in SARS-CoV- 
AE (Fig. 1E and Ref. 17). Whereas the remaining activity for 
NLRP3 inflammasome activation in cells infected with 
SARS-CoV-AE might be ascribed to ORF3a, the lack of 
NLRP3 inflammasome activation by E in cells infected 
with SARS-CoV-A3a could be a result of no activation of 
pro-IL-18 gene transcription or the difference in experi- 
mental setting. The nonviable phenotype of the double- 
knockout virus indicated that ORF3a and E might jointly 
exert a major impact on viral replication (16). Further in- 
vestigations are required to elucidate how ORF3a coop- 
erates with E and other viral proteins to execute full 
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induction of the cytokine storm. The activation of the 
inflammasome by SARS-CoV occurred in HEK293 cells 
even without full reconstitution of the expression of 
procaspase 1, ASC, and pro-IL-18 (Fig. 7F). Appar- 
ently, SARS-CoV is a more potent and promiscuous 
activator of inflammasome than its ORF3a protein 
alone. Inflammasome activation by SARS-CoV is 
thought to have both proviral and antiviral roles. It 
might contribute to innate antiviral response, the viral 
induction of cytokine storm, and pathogenic inflammation. 
Indeed, whereas IL-18 had a modest antiviral effect on 
SARS-CoV (Fig. 2C), anti-IL-1B exhibited a weak stimula- 
tory effect (Fig. 2D). The positive effect of inflammasome 
activation on SARS-CoV dissemination in vivo and the exact 
biologic significance of ORF3a-induced NLRP3 inflamma- 
some in SARS-CoV biology and pathogenesis remain to be 
elucidated in future study. 

Most of the previously characterized viral activators of 
the NLRP3 inflammasome are ion channel proteins (11). 
Although ORF3a was originally thought to be an activator 
of the NLRP3 inflammasome because it is an ion channel 
protein, the ion channel mutant (M-I) of ORF3a was fully 
competent in the activation of NF-KB and the NLRP3 
inflammasome. This provides an example of how viral ion 
channel proteins might activate inflammasomes in an ion 
channel-independent manner. Because the ORF3a-M-I 
mutant is also deficient for oligomerization (14), our re- 
sults also suggested that oligomerization of ORF3a is dis- 
pensable for the activation of NF-kB or the NLRP3 
inflammasome. Opposite to our finding, SARS-CoV ORF3a 
has recently been shown to activate the NLRP3 inflamma- 
some in an ion channel-dependent manner (66). Surpris- 
ingly, the same ORF3a-M-I mutant was found to have lost 
the ability to activate inflammasome in mouse bone 
marrow-derived macrophages in the other study (66). 
However, whether that mutant was robustly expressed 
in their experimental setting remains to be established. 
Nevertheless, further investigations to be conducted in the 
same experimental system are required to resolve this 
discrepancy. 


pro-caspase 1 


Figure 8. A working model for ORF3a-induced 
activation of the NLRP3 inflammasome. On 
one hand, ORF3a interacts with TRAF3 to 
activate NF-KB, resulting in transcription of the 
pro-IL-1B gene. On the other hand, ORF3a 
interacts with TRAF3 to promote ASC ubiquiti- 
nation, leading to activation of caspase | and 
IL-18 maturation. ORF3a sufficiently activates 
both signals required for NLRP3 inflamma- 
some activation. Ub, ubiquitin. 
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The requirement of K63-linked ubiquitination of ASC 
for optimal inflammasome activation has previously been 
demonstrated (52). TRAF3-mediated K63-linked ubiq- 
uitination of ASC is thought to facilitate ASC aggregation 
and speck formation in the cytoplasm. The strategy to fa- 
cilitate TRAF3-induced ubiquitination of ASC through in- 
teraction with TRAF3 and ASC could also be used by other 
viruses and viral proteins. For example, we have previously 
shown the interaction of SARS-CoV and MERS-CoV M 
proteins with TRAF3 (33-35). It will therefore be of interest 
to see whether these 2 viral proteins might also modulate 
TRAF3-mediated ubiquitination of ASC. We demonstrated 
the first example of viral activation of ASC in this work. 
Plausibly, this could also be a common viral strategy to 
usurp host inflammasomes for viral benefits. In support of 
this notion, ASC-null mice were highly susceptible to West 
Nile virus infection (67). Mechanistically, how ORF3a acti- 
vates TRAF3-mediated ASC ubiquitination remains to be 
determined. ORF3a likely used a separate domain to in- 
teract with ASC. Further analysis is warranted for the 
possibility that ORF3a adapts ASC to TRAF3. 

Consistent with the idea that ORF3a activates pro— 
IL-1B gene transcription through NF-kB, the p50 subunit 
of NF-kB was found to accumulate in the nucleus of 
ORF3a-expressing cells. p50 is proteolytically processed 
from p105 when the latter is ubiquitinated by E3 ubiquitin 
ligases such as KPC1 (68, 69). Although TRAF3 is not 
known to mediate p105 ubiquitination, this possibility 
merits reexamination in light of our finding that TRAFS3 is 
also required for ORF3a-induced activation of NF-kB. 
Reciprocally, it will also be of interest to see whether 
ORF3a might interact with KPC1 and modulate its acti- 
vation of p105 processing. 

The interaction between ORF3a and TRAF3 is required 
for ORF3a-induced activation of NF-kB and the NLRP3 
inflammasome. The key residues for this interaction were 
mapped, and their essentiality was shown by mutational 
analysis. Peptide mimetics based on these residues are 
potentially useful modulators of NF-kB and NLRP3 
inflammasome activation. In addition, small-molecule 
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compounds that perturb this interaction could be further 
analyzed for antiviral or anti-inflammatory effect. 
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